The paper presents frequency f and temperature T p dependences of phase shift angle H, admittance r and capacitance C p for the as-deposited and annealed (CoFeZr) x (CaF 2 ) (100Àx) nanocomposite films deposited by ion-beam sputtering of a compound target in a mixed argon-oxygen gas atmosphere in vacuum chamber. The studied films presented metallic FeCoZr ''cores'' covered with FeCo-based oxide ''shells'' embedded into oxygen-free dielectric matrix (fluorite). It was found for the metallic phase content within the range of 52.2 at.% 6 x 6 84.3 at.% in low-f region that H values were negative, while in the high-f region we observed the H < 0 o . It was obtained that the f-dependences of capacitance module displayed minimum at the corresponding frequency when the H(f) crossed its zero line H = 0 o . It was also observed that the r(T p ) dependence displayed the occurrence of two minima that were related to the values of H 1 = 90°(the first minimum) and of H 2 = À90°(the second one). Some possible reasons of such behavior of (CoFeZr) x (CaF 2 ) (100Àx) nanocomposite films are discussed.
Introduction
It is well established that metal-dielectric nanocomposites often reveal very specific mechanical [1, 2] , magnetic [3] [4] [5] , and also electrical [6] [7] [8] properties, particularly effect of ''negative capacitance'' [9] [10] [11] [12] [13] [14] [15] . This effect is related to inductive-like contribution to the admittance frequency dependences (f) and for the first time was observed in semiconductor heterogeneous structures [9] [10] [11] [12] . Our previous investigations of granular nanocomposite films, where metallic (CoFeZr) nanoparticles were embedded into amorphous oxygen-containing dielectric matrixes (Al 2 O 3 or PZT), also revealed ''negative capacitance'' effect [13, 14] . Particularly, observed positive values of phase-shift angles H detected during (f) measurements using RCL-meter were interpreted as phase current oscillations due to AC voltage applied that are characteristic of the RLC circuits. 1 In an ideal case of the RLC circuit with the zero-resistance inductive element, voltage should lead current by the angle of H = 90°. As was shown in [13, 14] , in these nanocomposite films H values were observed in the range À90°6 H < 0°within the lowf range and 0°< H 6 90°at the high-f values. This means that in the studied nanocomposites the reactive part of admittance presents a complex superposition of the capacitive and inductive contributions. This is also agreed with the behavior of C p (f) dependences every of which reached the local minimum at some frequency f 0 appropriated to H = 0°. This means the occurrence of voltage resonance at the frequency
and compensation of opposite-phase voltages of the capacitive and inductive contributions, that resulted in, as observed in [13, 15] , the reaching of minimum on C p (f) dependences. As a rule, the highest inductive-like contributions to admittance were observed in (CoFeZr) x (Al 2 O 3 ) (100Àx) and (CoFeZr) x (PZT) (100Àx) nanocomposite films sintered or annealed in oxygen-containing atmosphere when nanoparticles possessed ''metallic core-oxide shell'' structure [13] [14] [15] . In such a case, considerable effect of ''negative capacitance'' (non-coil-like inductance) can be attributed to the hopping of electrons in weak AC electric field between CoFeZr-based nanoparticles that resulted in the enhancement of matrix polarization [16] [17] [18] [19] . As follows from the model reported in [18, 19] , metallic nanoparticles could be considered as potential wells, and hopping of electrons between neutral wells results in their charging and formation of electric dipoles. Once an electron has jumped from one metallic nanoparticle to another, it stays there for the time s (much higher that period of AC voltage applied) and only after this time delay it can jump either to the next (third) nanoparticle (as in DC regime) or return to the initial one (in alternating electric field). Probability of the jump to the third particle is p while its hopping back to the first one is (1 À p). In the second case, the phase shift is equal
In the low-frequency region it yields negative H values, which is the characteristic of the capacitive (RC) circuits. However, for the frequencies f P 1 2s ð3Þ the phase shift becomes H 6 Àp, due to polarization of matrix and the delay of electron on the second nanoparticle, indicating inductive character of equivalent circuit (RCL) of the studied nanocomposite films. Previous study performed on granular films with amorphous matrixes (Al 2 O 3 or PZT) intrinsically containing oxygen cannot elucidate its role in the formation of ''oxide shells'' around ''metallic cores'' of nanoparticles and, consequently, the effect of ''negative capacitance'' in studied samples. Thereupon, the goal of the paper is to study (f, T) dependences in (CoFeZr) x (CaF 2 ) (100Àx) nanocomposite films with ''core-shell'' structure of nanoparticles when dielectric matrix was crystalline and did not contain oxygen.
Experimental procedures
Nanocomposite (CoFeZr) x (CaF 2 ) (100Àx) films with the content of metallic phase 52.2 at.% 6 x 6 84.3 at.% were produced by ion-beam sputtering of compound target in a combined argon-oxygen atmosphere in vacuum chamber at partial pressure values of P Ar = 8.02 Â 10 À2 Pa and P O = 9.80 Â 10 À3 Pa, respectively. SEM LEO1455-VP with energy-dispersive Si:Li detector Rontec was used to perform X-ray microanalysis for verification of films composition with accuracy of $1%. Granular structure of nanocomposites as well as ''core-shell'' structure of metallic nanoparticles was confirmed using transmission electron microscopy (TEM) at normal and high resolution (HRTEM) [7] . TEM and HRTEM was carried out by Philips EM400T and Philips CM200T microscopes operated at 120 kVand 200 kV, respectively. The Selected Area Electron Diffraction (SAED) patterns were calibrated using crystalline bulk Al and Si references. The data were analyzed with Gatan Digital Micrograph and ELD software. AC bridge HIOKI 3532 and LCR-meter HiTESTER provided with special PC-based control system was applied for the (f, T), H(f, T) and C p (f, T) measurements in the frequency range of 42 -5 MHz.
The as-deposited samples were exposed to testing their electrical properties and then subjected to the 15-min annealing in a tubular furnace in the range of 398 573 K, with the temperature increments of 25 K. After every step of annealing procedure the (f, T), H(f, T) and C p (f, T) measurements were repeated in the temperature range of 80 K -373 K, in steps of 5 K.
Results and discussion
As was observed in [7] from SEM, TEM, HRTEM, X-ray diffraction analysis and SAED, granular CoFeZr-CaF 2 films sintered in Ar + O 2 atmosphere were characterized by partial or full oxidation of nanoparticles, depending on composition x and partial pressure of oxygen P O . For example, in the films sintered at P O = 4.3 Â 10
À3
Pa a-FeCo(Zr) nanoparticles were covered with oxide shells containing Fe 3 O 4 and/or a-Fe 2 O 3 phases which were embedded into crystalline CaF 2 . At the same time, in the samples deposited at P O = 9.8 Â 10
À3 Pa the structure of nanoparticles was substantially different. Plan-view HRTEM image of (CoFeZr) 38 (CaF 2 ) 62 film sintered in atmosphere with P O = 9.8 Â 10 À3 Pa and correspondent SAED pattern are shown in Fig. 1a and b, respectively. HRTEM image reveals granular structure of film as well as crystalline nature of the nanoparticles seen as dark contrast and CaF 2 matrix seen as grey contrast. SAED pattern of the film shows several narrow rings identified as contribution of CaF 2 matrix and fcc crystalline structure of CoO (or FeO) oxide [20] and one broad ring from disordered FeCo-based oxide. Analysis of bright-(BF) and dark-field (DF) TEM images (see the inset in Fig. 1a) clarifies that nanoparticles have ''crystalline core-non-crystalline shell'' structure. It becomes evident if one compares BF image of nanoparticle as a whole appearing as dark contrast on the background of bright-grey contrast attributed to CaF 2 matrix with DF image that clearly reveals the bright features correspondent to well crystallized core of nanoparticle with diameter smaller than BF image of the same nanoparticle. Formation of nanoparticles with ''coreshell'' structure is typical for granular films sintered in oxygen-containing atmosphere and was previously confirmed with numerous investigations using complimentary techniques such as TEM, HRTEM and Mössbauer spectroscopy [7] .
Behavior of (f, T p ), H(f, T p ) and C p (f, T p ) dependences could be analyzed taking into account the mentioned above structural differences of the studied films from the observed in (CoFeZr) x (Al 2-O 3 ) (100Àx) and (CoFeZr) x (PZT) (100Àx) samples. temperature T p range. When the frequency increases, H(f) curves cross the zero line H = 0 and becomes positive. However, the FeCoZr-CaF 2 nanocomposite films were characterized by the H values higher than 90°that is impossible to occur in the conventional RLC circuits correspondent to (CoFeZr) x (Al 2 O 3 ) and (CoFeZr) x (PZT) (100Àx) materials [13, 14] . Note that this first peculiarity of H(f) curves was more obviously demonstrated for the samples with x around the percolation threshold. As is seen from Fig. 3a , for the as-deposited sample with x = 59.3 at.% measured at T p = 323 K values of H were in the range 20°6 H 6 135°. Fig. 3b shows the second peculiarity: the dependence of capacitance modulo C p on frequency exhibits a sharp minimum at the frequency when H(f) curve in Fig. 3a crosses zero line H = 0. This agrees with the C p (f) behavior observed earlier for the (CoFeZr) x (Al 2 O 3 ) and (CoFeZr) x (PZT) (100Àx) films described in [13, 14] .
Note also that for the presented (CoFeZr) x (CaF 2 ) (100Àx) material, as opposed to previous studies [13, 14] for (CoFeZr) x (Al 2 O 3 ) (100Àx) and (CoFeZr) x (PZT) (100Àx) films, the maximal H values in Fig. 3a ex- ceeded 90°reaching 135°at all temperatures and the highest frequencies.
The third peculiarity consists in the fact that, when the H(f) passed with f increase through the value of 90°, distinct minima were observed on the dependences of real part of admittance on frequency (Fig. 3c) . In doing so, the positions of these maxima on (f) curves were shifted to higher f-values when T p was increased. This is similar to the case of current resonance occurring in the parallel LRC circuits, when the resonance resistance becomes much higher its low-frequency resistance values. Such behavior of (f, T p ) curves means that as the temperature increases, the parallel RCL equivalent circuit (suitable for the description of the composites studied at low temperatures) is transformed at high temperatures into the series equivalent circuit due to the enhance of the permittivity in the material (increase of capacitance contribution in RCL circuit). Fig. 3c shows that the lgr(lgf) curves display very strong (and close to linear) frequency dependences occurring beyond the position of local resonance minima. Such behavior confirms the 
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variable range hopping (tunneling) mechanism of the AC conduction [21] at f > 10 kHz. As was mentioned above (see, also [18, 19] ), hopping of electrons between neutral nanoparticles, resulting in their charging and formation of electric dipoles, draw to the additional thermally-activated polarization of the surrounding dielectric matrix. As far as the electron jump probability p in this model is increased with temperature, the matrix polarization is also increased.
The tendency to the matrix polarization enhancement at T p > 250-280 K also follows from H(T p ) curves in Fig. 4 , where capacitive-type admittance becomes dominated at higher values of temperatures and frequencies. Really, comparison of Fig. 4a and b indicates that the low-f inductive-type admittance when H % 90°occurs up to T p 6 250 K. However, at higher measuring temperatures the H values decrease and at T p % 280 K the phase shift angle drops below zero (becomes negative) indicating a transition to the capacitive type of admittance. For the samples with H > 90° (Fig. 4b) , these values for high frequencies were observed up to T p % 290 K whereupon H decreases showing also the transition to the prevailing of capacitive type impedance at higher temperatures. Note also, that for the samples subjected to stepped heat treatments at T a < 448 K, the H(T p ) dependences shifted to the low temperature region ( Fig. 4a and b) . It is believed to be due to the fact that, when depositing, part of metallic atoms were dissolved in the dielectric matrix aside of nanoparticles. It was discussed in [6] , that during annealing process dissolved atoms diffuse towards nanogranules, formed during deposition, and agglomerate with nanoparticles, that resulted in the reduction of the time s (owing to granule size increase) and thereby lowering H, see relation (2) . Annealing at temperatures exceeding 448 K causes surface oxidation of the metallic nanoparticles (and s increase), shifting the H(T p ) curves to higher temperatures. Thus, we have shown that the use of crystalline oxygen-free fluorite as dielectric matrix in (CoFeZr) x (CaF 2 ) (100-x) nanocomposite films synthesized in mixed argon-oxygen gas atmosphere has brought about essential changes in their electric characteristics as compared with those in (CoFeZr) x (Al 2 O 3 ) and (CoFeZr) x (PZT) (100Àx) films. In particular, it was observed that the upper limit of phase-shift angle H at high frequencies significantly exceeded value of 90°(it varied within the range from À10°to 135°), that never observed in nanocomposites where FeCo-based nanoparticles were embedded into Al 2 O 3 or PZT dielectric matrixes. This display the enhancement of thermally-activated polarization of the surrounding dielectric matrix around nanoparticles due to their recharging during hopping of electrons. In our opinion, there are two possible reasons for this effect in the studied films: (1) the participation of fluorine in the formation of ''oxide shells'' around the metallic nanoparticles, and/or (2) the crystalline form of CaF 2 matrix.
As to the first reason, during the sputtering of the fluoride-containing compound target, a part of the fluorine ions can be released from CaF 2 . Getting to the gas atmosphere in vacuum chamber, these ions together with the oxygen ones can participate in the formation of FeCo-based oxide ''shells'' during sputtering process producing additional chemical reactions with the metallic atoms. These changes in the composition of ''shells'' around the metallic nanoparticles can probably cause the increase in time delay s at hopping process and thereby extending the range of the H values variation up to its upper level reaching H = 135°at the highest frequencies.
On the other side, crystalline form of fluorite (argued by electron and X-ray diffraction [7] ), in nanocomposites studied can also enhance its polarization by the charged nanoparticles during the hopping process, as opposed to the amorphous alumina or PZT matrixes. The last can also result in strong increase of s and, as a consequence, H values, see Eq. (2). However, we should note that the above described measurements did not fixed features of F-containing compounds in the samples studied. Now, additional experiments and more detailed analysis of fluorine and fluorite role are needed to understand which of the above reasons can dominate in the AC conductance behavior of (CoFeZr) x (CaF 2 ) (100Àx) nanocomposite films our case.
Resume
The obtained results have shown strong difference in behavior of AC conductance of (CoFeZr) x (CaF 2 ) (100Àx) nanocomposite films, synthesized in mixed argon-oxygen gas atmosphere, as compared with those in (CoFeZr) x (Al 2 O 3 ) and (CoFeZr) x (PZT) (100Àx) films. This difference consists of two peculiarities observed on the (f, T), H(f, T) and C p (f, T) dependences of (CoFeZr) x (CaF 2 ) (100Àx) samples: (1) the H(f, T) values at high frequencies could be approached the values of 135°, while in nanocomposites where FeCo-based nanoparticles were embedded into alumina or PZT matrixes; (2) the r(T p ) curves for the annealed samples exhibited two minima corresponding to H 1 = 90°and H 2 = À90°values in H(f) curves. Such behavior of the films studied in this paper can be attributed either participation of fluorine in the formation of ''oxide shells'' around the metallic nanoparticles, or/and the crystalline form of CaF 2 matrix: both of them can result in the enhancement of matrix polarization and increase the life time of electrons on nanoparticles. But, in any case, we have shown that we can tune the AC conductance behavior in metal-dielectric nanocomposite films (domination either capacitive-or inductive-like contributions) changing their composition (type of dielectric matrix, content of metallic phase nanoparticles and type of shells around them), and also measuring and annealing temperatures.
